We investigate the consequences of the Ho-deficient non-stoichiometry in orthorhombic HoMnO 3 in terms of microscopic mechanisms for ferroelectricity modulation. It is suggested that the Ho-deficiency (then Mn excess) results in Ho-vacancies and then Mn occupation of the Ho-site with increasing non-stoichiometry. The Ho-deficiency enhances the Mn-Mn symmetric exchange striction by suppressing the independent Ho-Ho interaction, and thus benefits to the induced Ho spin ordering against the independent Ho spin ordering. The symmetric Ho-Mn exchange striction is thus enhanced by this induced Ho spin ordering, leading to remarkably enhanced ferroelectric polarization as observed. This work presents an alternative scheme to modulate the multiferroicity in rare-earth manganites of strong 4f-3d coupling. The strong intrinsic coupling between ferroelectricity and magnetism in type-II multiferroics, in which ferroelectricity originates from some special frustrated spin orders, not only offers possibilities for new device functionalities. The family of orthorhombic rare-earth manganites RMnO 3 (o-RMnO 3 ) stands as examples of type-II multiferroics since almost all known physical mechanisms associated with type-II multiferroicity were first revealed in this family. [1] [2] [3] [4] [5] In the multiferroic phase diagram of o-RMnO 3 , the spin ground state is modulated by chemical pressure. 2, 6 Upon decreasing radius of R (r R ) or Mn-O-Mn bond angle / Mn , the Mn spin order evolves from A-type antiferromagnetic (A-AFM) order (R ¼ La to Gd) to noncollinear cycloidal spin (CS) order (R ¼ Gd to Dy) and eventually toward the zigzag E-AFM order (R ¼ Ho-Lu), due to the competing spin interactions associated with lattice distortion. Here, the CS and E-AFM orders can break the spatial inversion symmetry and produce ferroelectric polarization P via the antisymmetric exchange striction and symmetric exchange striction, respectively. 4, 5, 7 It is noted that for some multiferroic o-RMnO 3 , both the R 3þ and Mn 3þ are magnetic and the R spin has much bigger moment than Mn spin. The well-known 4f-3d coupling allows a critical question: [8] [9] [10] [11] [12] [13] [14] what is the role of the R-Mn coupling, if any, in determining the multiferroicity of o-RMnO 3 ? This question has been well addressed for DyMnO 3 as a good example, [11] [12] [13] [14] where the Dy-Mn interaction is particularly important for generating the ferroelectricity. The core ingredient is the competition between the Mn spin order induced Dy spin ordering and the independent Dy spin ordering in the low temperature (T) range. 11, 15 It is understood that o-DyMnO 3 is a representative system accommodating both the antisymmetric Mn-Mn exchange striction induced ferroelectricity and the symmetric Dy-Mn exchange striction induced ferroelectricity, both of which are associated with the noncollinear Mn CS order and the induced Dy CS order. [13] [14] [15] [16] Along this line, similar concern is raised for another representative system o-HoMnO 3 , which is believed to accommodate the symmetric Mn-Mn exchange striction induced ferroelectricity since the Mn spins favors the E-AFM order.
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Indeed, recent experiments demonstrated that the Ho-Mn coupling in o-HoMnO 3 is important too for ferroelectricity. 3, 17 This coupling gives rise to a series of distinctive phenomena, leading to complex evolution of the spin structure and polarization P. [17] [18] [19] We present in Fig. 1 the measured magnetization M, specific heat normalized by temperature C p /T, pyroelectric current I pyro , and polarization P as a function of temperature T for o-HoMnO 3 polycrystalline sample, while details of the measurement will be given below. Together with available data on single crystal o-HoMnO 3 , 17 we have a comprehensive understanding of multiferroic behavior in o-HoMnO 3 . It was found that upon decreasing T, the high-T Mn paramagnetic state goes into an incommensurate (ICM) sinusoidal AFM state at T N $ 38 K, with wave vector k Mn ¼ (0, k y , 0) and spins parallel to the b-axis, 19 where k y increases and reaches its saturation value $0.40 at T ¼ T L $ 26 K. This Mn spin order remains stable at k y $ 0.4 down to the lowest T $ 1.8 K. On the other hand, due to the strong Ho-Mn coupling, below $T L the Ho-spins begin to develop the collinear AFM order along the b-axis due to the clamping effect by the Mn spins. Simultaneously, a small polarization P sets in at $T L . It is now believed that this nonzero but small P has nothing to do with the Mn spin order, since it was identified that an antiferroelectric state rather than a ferroelectric state is generated by the collinear E-AFM Mn spin ordering with k y $ 0.4, via the Mn-Mn symmetric exchange striction mechanism. Therefore, no net polarization associated with the Mn spin order is available.
Alternatively, at T $ T L and below, the Ho spins are not in the paramagnetic state but clamped by the Mn spin order, leading to a kind of induced Ho spin ordering with k y $ 0.4. This ordering is responsible for the nonzero P along the c-axis via the Ho-Mn symmetric exchange striction mechanism, 17 as further confirmed by subsequent work. As T falls down to T ¼ T NC $ 15 K, the Ho spins begin to deviate from the above mentioned induced order and gradually develop the noncollinear components on the ab-plane with the same propagation vector as Mn spin order. A rapid increase of the P is identified at T NC and below, as seen in Fig. 1 . The underlying mechanism is argued to be the Ho-Mn symmetric exchange striction too, but the role of the noncollinear Ho spin components on the ab-plane remains to be an issue.
It should be mentioned that the independent 4f AFM ordering in rare-earth transition metal oxides without the 4f-3d coupling (e.g., in Ho 2 Ti 2 O 7 ) does not occur until extremely low T (<2 K), due to the weak 4f-4f interactions. 20 This independent Ho spin ordering does not contribute to ferroelectricity. The Ho spin ordering sequence highlighted above is the consequence of competition between the independent Ho-Ho interaction and the Ho-Mn coupling. The very broad bump in the M-T curve at T $ T Ho and the continuously increasing C p /T below T min $ 10 K (consistent with the single crystal data 17 ) with only a weak shoulder at T $ T Ho ( Fig. 1(a) ) are the fingerprints for the spin frustration at low T, suggesting no highly stable Ho spin ordering below T min . Furthermore, if either the independent 4f-4f Ho spin interaction or the Ho-Mn coupling can be suppressed, one will be in a good position to drive the Ho spins into the independent AFM ordering or the induced spin ordering. Naturally, the latter is a ferroelectric activator and thus highly favored for ferroelectricity enhancement.
Along this line, any strategy to modulate this competition would impact on the eventual Ho spin ordering and the ferroelectricity. It is believed that the spin structure of o-HoMnO 3 is sensitive to variations in chemical composition and structural perturbations. Motivated by earlier works on the substantial effect of R/Mn non-stoichiometry on the multiferroicity of o-DyMnO 3 , 15 one is interested in opportunity to modulate the ferroelectricity by controlling the Ho/ Mn atomic ratio. For example, for the cases of Hodeficiency, the independent Ho spin ordering is expected to be suppressed seriously, allowing the induced Ho spin order to be well developed and robust, thus benefiting to enhancement of polarization P.
In this work, we investigate the magnetism and ferroelectricity of o-Ho 1-x C. All the organic materials and nitrates were eliminated in consecutive treatments at 150 C (12 h), 600 C (12 h), and 700 C (12 h) in air. Finally, the amorphous precursor was heated in an O 2 flow from 600 C to 900 C in 12 h and then held at 900 C for 12 h to form a single orthorhombic phase. 18, 19 The crystalline structures of these samples were checked by X-ray diffraction (XRD) using a D8 Advance Bruker machine with Cu Ka radiation at room temperature, and the data were used for the Rietveld profile refinements by the GSAS program. The T-dependence of specific heat C p and dc magnetization M (zero-field cooled mode and measuring field of 100 Oe) were measured by the physical properties measurement system (PPMS) and SQUID magnetometer, both from the Quantum Design Inc. The pyroelectric current I pyro and polarization P were obtained using the high precision pyroelectric current method attached to PPMS. Detailed procedure for the measurements was described previously. 21 To obtain reliable pyroelectric current data, we performed careful calibration on the apparatus and particulars were made to maintain the background current noise level as low as 0.05 pA for sufficient long time (>2 h) in the short-circuited condition for electrical non-polarized samples at T ¼ 2 K. Each sample was cooled down to 2 K under a poling electric field of $10 kV/cm from 100 K. Then, the sample was electrically short-circuited at 2 K for at least 30 min. Subsequently, the pyroelectric current measurements with three different warming rates (2 K/min, 4 K/min, and 6 K/min) were performed so that the space charge effect and thermal activation effect can be safely excluded. The pyroelectric current I pyro as a function of T was collected, from which the spontaneous polarization P was evaluated. This method has been well demonstrated with high precision in the low-T range.
High resolution XRD patterns of all these samples (0 x 0.06) collected at room temperature were used to refine the crystallographic structure, and the data are shown in Fig. 2(a) . All the samples are identified as orthorhombic phase. It is noted that the o-HoMnO 3 has highly distorted and corner-sharing MnO 6 . 22 The consequence of non-stoichiometry is seen by taking the (111) diffraction as an example. The reflections at several x are presented in Fig. 2(b) , characterized by the peak shifting towards the low angle side at x 0.02 and then towards the high angle side at x ! 0.02. It is suggested that the excess Mn ions may have different occupation preferences upon varying x. Considering the high tolerance of perovskite structure to vacancies, it can be reasonably argued that for low x (e.g., x 0.02) the lattice can still accommodate the excess Mn 3þ ions at the centers of oxygen octahedra, leaving the Ho 3þ -site vacant. This preference results in lattice expansion. However, the Ho-vacancies, if over high density, will destabilize the perovskite structure. For high x (e.g., x > 0.02), it seems that some excess Mn 3þ ions prefer to occupy the vacant Ho 3þ site, resulting in lattice contraction after the expansion up to the maximal. This argument is additionally supported by the Rietveld refinement by intentionally assigning the two different occupations. The good agreement between the measured data and fitted pattern is obtained. One example is given in Fig. 2(c) for sample x ¼ 0.03 with the reliability parameter W Rp ¼ 2.98%. The other samples give this parameter between 2.94% W Rp 6.39%. Consequently, the evaluated unit cell volume V, the Ho-OHo bond angle / Ho , and / Mn are shown in Figs. 2(d) and 2(e) with the standard deviations.
To understand the variations of these structural parameters, one sees that the Ho vacancies will enlarge the V and / Ho as x 0.02. Meanwhile, the local O Now we look at the magnetism and ferroelectricity of the non-stoichiometric o-HoMnO 3 . The measured C p /T and M as a function of T, respectively, for several samples are plotted in Fig. 3 . One observes the similar shape of the C p /T-T curves but also x-dependent features. The T N shifts remarkably towards the high-T side with increasing x. The T L and T min , if definable, do the similar but with less dependence. These behaviors suggest that the Ho-deficiency enhances the Mn-Mn AFM interaction, and consequently, the induced Ho spin ordering below T L is prompted too. It is thus expected that the as-generated non-zero small P will be enhanced. Here, it is noted that the originally weak shoulder at T Ho for stoichiometric o-HoMnO 3 (x ¼ 0) evolves into sharp peaks for samples x ¼ 0.02 and 0.04, as shown in Fig. 3(b) . Even for sample x ¼ 0.05, the peak is still quite sharp. This sharp peak feature indicates strong Ho spin ordering tendency, which is not available in sample x ¼ 0. Similarly, the broad bump of the M-T curve for sample x ¼ 0 is gradually replaced by much sharper (but yet broad) peaks for samples x > 0, as shown in Fig. 3(c) , again suggesting the strong Ho spin ordering in these Ho-deficient samples. In connection with the previous discussion, we reasonably conclude that the Ho-deficiency, if not serious, certainly benefits to the induced Ho spin ordering (clamped by the Mn spin order developed at higher T) against the independent Ho spin ordering tendency, a highly favorable consequence.
Subsequently, we look at the measured I pyro and evaluated P for the Ho-deficient samples and the data are presented in Figs. 4(a)-4(g) , respectively. In particular, the highly sensitive I pyro (T) data may present fingers of delicate evolution of the spin ordering sequence if any. Several clear features in these data can be extracted out. First, we do observe the enhanced I pyro and thus polarization P in the Ho-deficient samples, the higher the I pyro -peak ($10 K) and thus the larger the P, the bigger the x. The P-value at T $ 2 K as a function of x is plotted in Fig. 4(h) , indicating the linear growth of P with x within the non-stoichiometry range covered here. This demonstrates that a reasonable Ho-deficient non-stoichiometry in o-HoMnO 3 benefits to the ferroelectricity enhancement. Second, an additional weak peak of the I pyro (T) besides the peak at $10 K is identified, as indicated by the black arrow, which is quite weak for sample x ¼ 0 but becomes significant for samples x > 0. This peak position has a slight shift toward the high-T side, indicating that the Ho-deficiency promotion of the induced Ho spin ordering begins at T L , much higher than T Ho .
It is well known that the 4f-3d coupling in transition metal oxides is usually compatible with or even stronger than the 4f-4f interaction because the 4f electrons are relatively localized with respect to the 3d electrons. Therefore, in those transition metal oxides like HoMnO 3 here, the strong 4f-3d coupling becomes particularly critical in determining the magnetic structure. For o-HoMnO 3 , one sees that the Ho-Mn coupling plays the core role in driving the induced Ho spin ordering, which thus leads to the broken spatial reversal symmetry. Surely, at the extremely low T, the 4f-4f interaction including the dipole-dipole coupling is no longer negligible, which often unfavors the broken spatial reversal symmetry. The similar physics was found in another multiferroic system DyMnO 3 . The extremely low-T independent Dy spin ordering does have this physics. 11, 15 In this work, we provide the evidence with the competing Ho-Mn coupling and independent Ho spin interaction from the aspect of spin order induced ferroelectricity. It is nice to find out a roadmap to degrade the independent Ho spin interaction so that the Mn-spin order induced Ho spin ordering can be promoted. Nevertheless, direct evidence with the details of the spin structure is needed to disclose the physics claimed here. In particular, direct evidence with the promoted intensity with the coherent Ho spin ordering with the Mn spin ordering at k y $ 0.4 upon decreasing T down to T Ho and below is appreciated.
In summary, we have prepared a series of Ho-deficient non-stoichiometric o-HoMnO 3 samples and investigated the magnetic and ferroelectric responses to the degree of Ho/Mn non-stoichiometry. It is revealed that the Ho-deficient nonstoichiometry has substantial impact on the Ho-Mn coupling in competition with the independent Ho spin interactions. The Ho-deficiency suppresses the independent and commensurate Ho spin ordering and thus leads to remarkable enhancement of ferroelectric polarization P via the Ho-Mn symmetric exchange mechanism. The present work presents an additional scheme to modulate the multiferroicity of RMnO 3 of strong R-Mn coupling.
